Although it is well recognized that TNF binding induces endocytosis of the activated TNF-R1 complex within minutes by clathrin-coated vesicles, the funcSummary tional contribution of TNF-R1 internalization to activation of the pleiotropic TNF signaling pathways is still The molecular regulation of the recruitment of initial signaling complexes at the TNF-R1 is poorly defined.
The intracellular trafficking of TNF/TNF-R1 complexes This indicates a fusion event of the two compartments, resulting in formation of multivesicular endosomes, as was investigated in more detail by ultrastructural analysis using electron microscopy. After 2 hr of incubation already observed by confocal fluorescence microscopy (see Figure 1B ) and ultrastructural analysis of whole cells at 4ЊC, TNF receptors labeled with a Biotin TNF/Streptavidin microbeads/Biotin Gold "sandwich" (as detailed (see Figure 1C) . At later times, TNF receptosomes accumulate lysosomal proteins such as CTSD and LAMP-1. in Supplemental Figure S1 at http://www.immunity.com/ cgi/content/full/21/3/415/DC1) were detected on the cell TNF receptosome preparations were devoid of mitochondrial, nuclear, or cis-Golgi contaminants and also surface of NIH3T3 fibroblasts ( Figure 1C ). After 10 min at 37ЊC, endocytic vesicles harboring labeled TNF-R1 did not contain caveolin, demonstrating highly specific and pure isolated magnetic TNF-R1 fractions ( Figure 2A ). complexes (termed TNF receptosomes) are formed and are detectable up to 30 min. At this time point, fusions of TNF receptosomes to intracellular membrane com-TNF Receptosomes Recruit DISC Proteins TRADD, partments become apparent. TNF receptosomes are FADD, and Caspase-8 found in multivesicular endosomes 30 minutes after
In order to investigate whether internalized TNF-R1 is TNF-R1 internalization and are found in lysosomal strucable to participate in transmitting death-inducing signals tures after 60 min. A similar trafficking pathway was also from the cell surface to intracellular locations, we next detected in U937 cells (Supplemental Figure S2) .
analyzed the recruitment of TNF-R1 DD adaptor proteins To purify TNF receptosomes, U937 cells were magnetto TNF receptosomes. After 3 min at 37ЊC, RIP-1 and ically labeled as described above. Efficiency and speci-TRADD, as well as FADD and caspase-8 ( Figure 2B ), ficity of this approach (detailed in Supplemental Figure are recruited to isolated TNF receptosomes. Notably, 43 S3) were monitored by determination of the velocity of kDa caspase-8 is predominantly found to be associated individual cells moving in a high-gradient magnetic field with TNF receptosomes, in contrast to total cellular ly-(magnetophoresis) as described previously (Tchikov et sates, where the 55 kDa procaspase-8 complex is preal., 2001). At various stages after internalization of ladominantly detected. This indicates rapid cleavage of beled TNF-R1, the cells were mechanically homoge-55 kDa procaspase-8 once it is bound to the TNF-R1-nized and lysates were subjected to a custom-built magassociated DISC to generate the 43 kDa cleavage prodnetic free-flow chamber (depicted in Supplemental uct, which is further autocatalytically cleaved to gener- Figure S4 ). As shown in Figure 1D , intact membrane ate the 18 kDa subunit. Indeed, we also observed the structures labeled with Biotin TNF/Streptavidin mi-26 kDa caspase-8 protein at TNF receptosomes internalcrobeads/Biotin Gold were obtained. In magnetic TNF ized for 10 min ( Figure 2C ). This 26 kDa protein reprereceptor fractions isolated from cells kept at 4ЊC, the sents the cleavage product from the 43 kDa protein magnetic label is located at the surface of resealed remaining bound to TNF-R1. The 18 kDa subunit, which plasma membrane sheets. In fractions obtained from represents one component of the active soluble cascells incubated for 10-30 min at 37ЊC, the magnetic pase-8 heterotetramer (p18/p10), is released and therelabel is located within vesicular structures similar to fore only detected after longer exposure of the blots. TNF receptosomes detected in whole cells ( Figure 1C ).
Compared to total cellular lysates, all three procasMultivesicular and lysosomal compartments were isopase-8 subunits of 43, 26, and 18 kDa are highly enriched lated from cells homogenized after 30 and 60 min of at isolated TNF receptosomes, while 55 kDa procas-TNF-R1 internalization, respectively ( Figure 1D ).
pase-8 and its 10 kDa cleavage product are absent from TNF receptosomes. The 41 kDa caspase-8 cleavage product of procaspase-8 was not detected in TNF reEndosomal Maturation of Internalized TNF ceptosomes.
Receptosomes and Fusion with trans-Golgi Compartments

Next, TNF receptosomes were analyzed by Western
The TNF-R1 Membrane-Associated Complex Contains FADD and Caspase-8 blotting for signature proteins of distinct intracellular compartments. As depicted in Figure 2A , isolated recepNext, we investigated whether the DISC proteins detected in isolated TNF receptosomes are directly associtosomes contain markers of early endosomes like Figure 4B) . Figure 2B ), rapid recruitment of the DISC proteins is also observed in TNF receptosomes from TNF-R1-expressThese findings clearly identified the YXXW motif within 
Formation and TNF-Induced Apoptosis
TNF-mediated activation of transcription factor NF-B was shown to occur from TNF-R1 located in lipid raft
Point Mutations within the Internalization Consensus Motif YXXW of TRID Are Sufficient to Block TNF-R1 microdomains at the cell surface (Legler et al., 2003). Because NF-B signaling is mediated by the DD, we
Apoptosis and DISC Formation We finally determined whether the single amino acid wanted to analyze whether the DD in TNF-R1 ⌬TRID constructs is functional and able to interact with other substitutions within the internalization consensus motif YXXW also result in inhibition of TNF-induced cell death. adaptor proteins such as RIP-1 and TRAF-2. We therefore analyzed TNF receptosomes from fibroblasts deAs shown in Figure 6B , TNF-R1 YXXA, TNF-R1 AXXW, and TNF-R1 AXXA mutations reduced TNF-mediated rived from TNF-R1/TNF-R2 double knockout mice stably transfected with the TNF-R1 or TNF-R1 ⌬TRID conapoptosis to values that were similar to those observed in TNF R1 ⌬TRID-expressing cells (see Figure 6A ). The structs. As shown in Figure 5D , receptosomes from TNF-R1-expressing fibroblasts recruit TRADD, FADD, and residual, DISC-independent apoptotic effect in the TNF-R1 point mutation-expressing cells again may be due caspase-8 as demonstrated above for 70Z/3 TNF-R1 cells. TNF receptosomes lose their clathrin coat as a to NSD-mediated N-SMase overstimulation. In magnetic membrane fractions prepared from TNFmarker for endosomal maturation during intracellular trafficking, as shown for U937 cells ( Figure 2B ). In addi-R1 YXXA-, AXXW-, and AXXA-transfected fibroblasts, recruitment of TRADD, FADD, and caspase-8 was not tion, RIP-1 and TRAF-2 are recruited to TNF receptosomes with rapid and transient kinetics ( Figure 5D ). In detected, but RIP-1 and TRAF-2 rapidly and transiently recruited to the DD of TNF-R1 (Figures 6C-6E ). This magnetic membrane fractions prepared from TNF-R1 ⌬TRID-transfected fibroblasts, recruitment of TRADD, result further confirms the lack of TNF-R1-associated Figure 2B ) and may be vide genetic evidence for a functional dichotomy of only detectable when the internalization is synchronized TNF-induced signaling pathways, tightly regulated by by prelabeling the receptors with TNF followed by rap-TNF-R1 internalization.
idly increasing the temperature to 37ЊC.
Analysis of TNF receptosomes isolated from different
We previously detected TRADD in TNF-R1 immunocell lines expressing an internalization-deficient reprecipitates from MDC-treated U937 cells (Schü tze et ceptor (TNF-R1 ⌬TRID, TNF-R1 YXXA, TNF-R1 AXXW, al., 1999), which is in contrast to our present findings. TNF-R1 AXXA) revealed that recruitment of RIP-1 and This discrepancy may be explained by the fact that MDC TRAF-2 to TNF-R1 occurred at the level of the plasma inhibited TNF receptor internalization in U937 cells only membrane, whereas aggregation of TRADD, FADD, and by 60%, while in our present study, using a genetic caspase-8 to establish the TNF-R1-associated DISC is approach, internalization of TNF-R1 ⌬TRID was comcritically dependent on receptor endocytosis. 
